Abstract. Taenia solium cysticercosis infects pigs and humans. Because antiparasitic treatment for human cysticercosis has sub-optimal efficacy, alternative regimes are needed. Seven antiparasitic regimens were tested in 42 naturally infected pigs with cysticercosis, and compared with prednisone alone (n = 6) or no treatment (n = 6). The numbers of viable cysts in muscles and in the brain were examined after necropsy and were significantly decreased in pigs receiving combined albendazole plus praziquantel, albendazole alone, or oxfendazole. Pigs receiving praziquantel alone and nitazoxanide had numerous surviving cysts. Control (untreated) pigs and prednisone-treated pigs had many more viable cysts, suggesting no effect. Combined albendazole plus praziquantel, and oxfendazole, showed a strong cysticidal effect and provide suitable alternative treatments to be further explored for their use for treatment of human neurocysticercosis.
INTRODUCTION
Neurocysticercosis, infection of the central nervous system by the larval stage of Taenia solium, is a growing global public health problem. 1 This disease is the main cause of secondary epilepsy in developing countries and an emerging disease in developed countries because of migration from diseaseendemic zones. 2, 3 The life cycle of this zoonotic disease involves humans and pigs. Humans host the adult form or intestinal tapeworm, and are the only natural definitive hosts. The tapeworm is composed by a head or scolex plus immature, mature, and gravid proglotids, each containing up to 50,000 infective eggs, which are intermittently released into the environment with feces. When eggs are ingested by a pig, or accidentally by a human, the embryos are liberated, cross the intestinal wall, and are carried by the circulatory system to almost any organ or tissue, where they develop as the larval stage or cysticerci. The cycle is completed when humans ingest cysticerci in raw or poorly cooked infected pork and develop a tapeworm. 4 Neurocysticercosis is a pleomorfic disease. Cysts can lodge in the brain parenchyma, ventricles, and/or subarachnoid space. The therapeutic approaches vary depending on each case and usually involves symptomatic medication (analgesics, antiepileptics), anti-inflammatory drugs, antiparasitic drugs and/ or surgery. 5, 6 The antiparasitic drugs praziquantel (PZQ) and albendazole (ABZ) have been used in humans since 1979, and their cysticidal efficacy has been largely demonstrated in humans and pigs. [7] [8] [9] [10] After a long controversy, it is currently accepted that antiparasitic drugs eliminate viable brain parasites, and this elimination is associated with decreased seizure frequency, although cysticidal treatment may be contraindicated in some patients. 7, 11 In humans, ABZ is considered the drug of choice because of availability and costs and slightly higher efficacy. 12 However, ABZ only kills approximately 70% of cysts and clears all living parasites in only 30% to 40% of treated patients after a course of treatment. 7, 13, 14 On the basis of previous successful studies of pig treatment with oxfendazole (OFZ), this controlled study was developed to explore the efficacy of combined therapy (ABZ plus PZQ) versus ABZ or PZQ alone. Nitazoxanide (NZX), a broad-spectrum drug with activity against a wide variety of intestinal parasites in animals and humans 15, 16 was also evaluated. In addition, the performance of prednisone (PDN) was evaluated because of a possible role in altering the immune equilibrium, which could result in the death of the parasites. 17 
MATERIALS AND METHODS
Study design and settings. An open, randomized, controlled trial in naturally cysticercosis-infected pigs was used to compare the cysticidal efficacy of different antiparasitic treatment schemes. All procedures were performed at the San Marcos School of Veterinary Medicine. The study was approved by the Animal Ethics Committee of the School of Veterinary Medicine, Universidad Nacional de San Marcos, Lima, Peru.
Animals. Fifty-four naturally infected pigs were bought from informal slaughterhouses (with no control from local authorities) in Huancayo and Huaraz, two highly endemic cities in the Peruvian highlands, and transported to veterinary facilities in Lima. Pig infection was grossly established by positive tongue examination (palpation of lingual nodules, implying the presence of active cysticercosis infection), 18 and confirmed by serologic analysis (serum enzyme-linked immuno-electro transfer blot). 19 All pigs were vaccinated against hog cholera, coded, and ear-tagged. Each treatment group was housed in a single pen.
Treatment regimens. The pigs were randomly allocated to nine different groups of six pigs each. Each group of pigs received a individual scheme of treatment including ABZ, PZQ, combined ABZ plus PZQ, NZX, and OFZ, All groups treated with ABZ received PDN as concomitant antiinflammatory therapy, as shown in Table 1 .
The first three regimens were intended to simulate antiparasitic schemes given to humans and included a combination group; the fourth group received OFZ as a positive treated control group because of its proven cysticidal efficacy in cysticercosis infected pigs, 20, 21 given twice (days 1 and 5) to reinforce their antiparasitic effect, and the fifth group tested the cysticidal efficacy of NZX. The following two groups were non-antiparasitic treated control groups. Group 6 received *Address correspondence to Hector H. Garcia, Department of Microbiology, Universidad Peruana Cayetano Heredia, Lima, Peru H. Delgado 430, SMP, Lima 31, Peru. E-mail: hgarcia@jhsph.edu PDN to rule out a hypothetical effect of steroids in altering the immune equilibrium and thus triggering parasite destruction, and group 7 did not receive any drugs. We added two more groups after the deaths of three pigs during the first week of treatment (see Results). Assuming that the cause of death was encephalitis caused by local inflammation, we implemented group 8 (½ ABZ + PZQ + PDN) by reducing the dose of ABZ by half, and group 9, duplicating the steroid dose. (ABZ + PZQ + 2 PDN). The group receiving PZQ alone did not receive concomitant steroids to avoid the consequent decrease in serum levels of PZQ and a resulting decrease in efficacy. Not using steroids could have biased our results towards increased efficacy of PZQ alone compared with the combination groups (also receiving concomitant steroids), but results showed the opposite, a lower efficacy of the PZQ alone group.
All drugs were administered orally, mixed with food, and given at a scheduled time. ABZ and NZX were administered in two doses (8:00 AM and 8:00 PM); PZQ was administered in three doses of 25 mg/kg every two hours starting at 8:00 AM ON the same day; OFZ and PDN were administered as a single dose in the morning. All drugs were started at the same day in combined schemes.
Necropsy. All pigs were kept at the School of Veterinary Medicine for ten weeks and then euthanized and subject to detailed necropsy to determine the numbers and stage of cysts. Animals were anesthetized by intramuscular injection using a combination of ketamine (11 mg/kg) and xylazine (2 mg/kg) and then killed by an intravenous injection of phenobarbital (9 mg/kg). Standard necropsy 22 was performed immediately after euthanasia. In this procedure, psoas, legs, the tongue, and the heart were dissected, and all cysts were counted and classified by their stage of evolution.
After necropsy (10 weeks after treatment), parasitic lesions were catalogued as viable, well defined, fluid-filled vesicles with clear fluid content, and non-viable lesions with a preserved cystic structure but opaque or gelatinous contents, or compact, well-defined nodular lesions, or smaller, later scar stages ( Figure 1 ). Brains were entirely extracted and fixed in formalin and cut into 5-mm slides two weeks later for lesion counting and histologic evaluation. Pig age was calculated at necropsy by assessing eruption, development, and wearing teeth. 23 Cyst evagination. Approximately 30 vesicular cysts per pig obtained from muscles (psoas and anconeal) were recovered and tested for viability by evagination procedure as follows. 24 Excised cysts obtained from muscles were washed in sterile 0.15 M phosphate-buffered saline, pH 7.2, and incubated in pepsin (1%, pH 2.0, at 37 C) for 30 minutes. Cysts were washed in phosphate-buffered saline and incubated in trypsin (1:1,000, pH 8.9) plus bile salt (Sigma, St. Louis, MO) at 37 C for one hour. The visualization of scolex outside the bladder wall was considered as indicator of viability. Whenever no viable cysts were present or there were only a few, degenerating cysts were used to complete the numbers for evagination.
Histologic analysis. Viable and non-viable cysts in brain and muscle were embedded in paraffin and stained with hematoxylin and eosin, alizarin red and Von Kossa stains to evaluate their stages of degeneration and the presence of calcium deposits.
Data analysis. Because of logistic constraints, only six pigs were allocated to each group in evaluating differences by using non-parametric analysis. Absolute values, medians, and ranges for cyst numbers in brain and muscle are reported. Differences in viable cyst populations between each group and the corresponding untreated control group were compared by using the Mann-Whitney test, and the level of significance was defined as P 0.05. For the groups that showed a significant difference compared with the control, the statistical power was estimated by using the Power Analysis and Sample Size software (NCS, Kaysville, UT) and a one-sided twosample t-test. Because muscle samples and pigs had different weights, the analysis of numbers of cysts in muscles was repeated by adjusting for the calculated total muscle weight for each pig, assuming that muscles represent approximately 25% of pig weight. 23 Pigs that died in the initial week after treatment were not included in the analysis. All statistical analysis was performed with a 95% significance level by using the Stata software (StataCorp LP, College Station, TX).
RESULTS
Adverse events. Three pigs died during antiparasitic therapy, 2 at day 4 (one receiving ABZ + PDN, and one receiving PDN alone), and one at day 7 (receiving ABZ + PZQ + PDN). Two other pigs died before the end of the trial, one at day 55 (receiving ABZ + PZQ + PDN) and one at day 65 (receiving OFZ). On the basis of this results, the pig that died at day 7 (ABZ + PZQ + PDN group) likely died of encephalitis caused by massive cyst destructions because this pig had approximately 140 brain cysts and marked inflammation at necropsy. The deaths of the other four pigs were related to adverse events, not directly related to the antiparasitic drug itself. Probable causes were acute enteritis (one case, day 4), pneumonia (2 cases, days 4 and 55), and hepatitis (one case, day 65). Male pigs in the NZX group had distended bladders, likely secondary to hypertrophic prostate glands. Estimated pig ages ranged between 8 and 54 months (mean ± SD = 30.1 ± 16.8 months).
Parasiticidal efficacy in muscle cysts. Initial analysis evaluating cysts per kilogram (not adjusted by pig weight) showed that combined schemes using ABZ plus PZQ, as well as ABZ alone and OFZ, had statistically significant higher efficacy in destroying cysts compared with control pigs. The pigs in the NZX group had more cysts than the control group (medians = 755 versus 495), and PZQ and PDN showed less cysts than the control group (23.2%, medians = 380 versus 495 and 49.5%, medians = 250 versus 495, respectively), but without statistical significance.
Adjusting the analysis to account for the proportion of muscle in whole pig weight ( Table 2 ), confirmed that the three combined schemes of ABZ plus PZQ, ABZ alone, and OFZ showed almost complete efficacy for killing parasites compared with control pigs (P 0.005, by Mann-Whitney test). Pigs in the NZX group had greater numbers of cysts than control pigs (medians = 9,433 versus 7,078), and pigs in the PDN and the PZQ groups had 23.7% (medians = 5,402 versus 7,078) and 8.0% (medians = 6,515 versus 7,078) less cysts than did the control pigs, although these differences were not statistically significant. The analysis was repeated by adjusting for the total number of cysts per animal and showed similar results.
Parasiticidal efficacy in brain cysts. Evaluation of the numbers of viable cysts in brain (Table 2) showed that the cysticidal efficacy of combined ABZ + PZQ schemes was almost 100%, and most pigs had no remnant viable cysts in their brains. Albendazole had 92% efficacy with two of five pigs having small numbers of surviving brain cysts. Oxfendazole showed only 60% efficacy (10 of 25) (P 0.05, by Mann-Whitney test). Pigs in the NZX group had 28% fewer viable brain cysts than control pigs (18 of 25, not statistically significant), and there were no differences between control pigs and pigs treated with PDN or PZQ alone in terms of cyst numbers.
Confirmation of cyst viability. The capacity to evaginate and become an adult tapeworm was evaluated in apparently viable cysts obtained from muscles. The results confirmed the cysticidal effect of ABZ, combined schemes, and OFZ and showed the same poor effect of PDN, NZX, and PZQ alone (Supplemental Table) . Histologic evaluation demonstrated the presence of calcium, which was more marked in degenerating, non-viable cysts. The lesions were macroscopically identified during necropsy and preliminary confirmed by staining with hematoxylin and eosin as viable cystic lesions and non-viable cysts (degenerating). Calcium was assessed in these lesions by using Alizarin red and Von Kossa stains. In viable cysts, calcium was restricted to the calcareous corpuscles. Calcium deposits then increased progressively according to the macroscopic degree of degeneration of the lesions (Figure 2 ).
DISCUSSION
Cysticidal efficacy of antiparasitic treatment of human neurocysticercosis is sub-optimal. Most patients are left with viable cysts after an initial course of treatment and between one-fourth and one-third of brain cysts survive. Improved more efficacious treatments are required. In this study we compared in a naturally infected pig model a series of antiparasitic regimens. The combination of ABZ and PZQ was consistently effective in muscle and brain cysts (even if ABZ dose was decreased by half or if steroids were doubled), followed by ABZ treatment. Nitazoxanide or PZQ alone did not show satisfactory results. Our data may have implications for human therapy. Albendazole is currently the drug of election to treat neurocysticercosis, but its efficacy to kill parasites ranges from 41.2% to 89.8% of individual cysts, with complete cure in only 30-40% of patients. 25 We have shown that combined ABZ + PZQ therapy is equally or more effective and could be used under a variety of alternative schemes. This combination has been used in hydatid disease in animal models and in human disease and showed better results than monotherapy. 26 The initial published experience in cysticercosis with a combined scheme of ABZ plus PZQ showed that the combination had 86.7% efficacy versus 50% for ABZ alone and 43.3% for PZQ alone. 27 A later study in India in children with a single degenerating brain cysticercus found complete resolution of lesions at three months in 60% of children receiving combined ABZ + PZQ and 72% at six months, compared with 42% and 52% of children receiving ABZ alone; however, these differences were not statistically significant. 28 The rationale of this double scheme is to damage the parasite in different ways to expose more antigenic proteins and improve its destruction and clearance by cellular immune responses of the host.
As previously shown, OFZ consistently killed muscle parasites. However, its efficacy seems to be lower in brain.
In this study, we used two doses of OFZ. It remains to be determined whether the addition of a third drug could increase efficacy without extending treatment time beyond a week. Oxfendazole is currently marketed only for veterinary use. Given its proven action against cysts, this drug may provide an effective oral antiparasitic regimen for a single dose treatment of neurocysticercosis in humans. Our data suggests that the use of PDN alone does not result in parasite death, at least in the brain. Its beneficial effects in the treatment of human cysticercosis are thus more likely related to the modulation of the inflammatory response and associated edema.
Histologic evaluation showed that calcium is present from the early stages of degeneration and can be identified by histologic stains. Given that calcified lesions in humans play a role in epileptogenesis, 29 histologic comparison of cysts from animals treated with different antiparasitic and antiinflammatory schemes can provide controlled data on this subject.
In conclusion, this study using the pig model showed that combined ABZ plus PZQ, ABZ alone, and OFZ are effective antiparasitic drugs for treatment of cysticercosis, and the combined schemes had the best antiparasitic effect in brain, with a statistically significant reduction in viable brain cysts. Treatment with PDN alone (one day), NZX, and PDN left many surviving cysts, suggesting minimal or no cysticidal effect. Combined ABZ plus PZQ may provide a more efficient antiparasitic treatment for human cysticercosis. 
